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Introduction 27
Wild fire is a natural process that influences ecosystems and carbon and water cycles worldwide (Gorham, 1991; 28 Bowman et al., 2009; Harrison et al., 2010) . Climate and vegetation control both the occurrence of fire and its spread, 29 which in turn affects climate and vegetation (Vilà et al., 2001; Balch et al., 2008) , and when fire destroys forests and 30 grasslands the distribution of vegetation is affected (Clement & Touffet, 1990; Rull, 1999) . Fire causes the formation 31 of trace gases and aerosols, which are important elements in the radiative balance of the atmosphere (Scholes et al., 32 Figure 1 summarizes the experimental process used in this study. Initial conditions for the 1850 equilibrium state were 130 provided by NCAR and used to simulate the 20th century transient run. The amount of atmospheric carbon dioxide 131 has increased since the onset of the Industrial Revolution in 1850, and the composition of land cover and vegetation 132 burned area in Africa and Oceania. These results can be attributed to the differences between BGC-DV-F and 170
BGConly-F vegetation distributions, as shown in Figure 3 (where PFTs, excluding two crop PFTs, are simplified into 171 six vegetation groups; broadleaf evergreen trees, needleleaf evergreen trees, deciduous trees, shrubs, grasses, and bare 172 ground) (Rauscher et al 2015) . In BGC-DV-F (Figure 3a) , evergreen and deciduous trees show limited growth whereas 173 grasses and bare ground predominate in regions such as southern Africa. Overall, BGC-DV-F simulates trees on 37.5% 174 of the global land area; however, observations ( Figure 3b ) indicate that trees cover 41.46% (Table 2) . However, more 175 trees provide increased fuel for the occurrence and spread of fire in BGC-DV-F compared to BGConly-Fand BGC-DV-F minus BGC-DV-NF; difference plots clearly indicate large differences in vegetation cover in areas 180 of high fire frequency (i.e., South Africa, South America, western North America, India, and a portion of China), as 181 shown in Table 2 , whereas areas with relatively low fire occurrence (i.e., the Arctic and desert regions) show small 182
differences. 183
The relationship between vegetation distribution and fire occurrence is investigated by estimating the fraction 184 of burned areas ( Figure 5 ), where fractions are grouped into four categories (>10%, 10%~1%, 1%~0.1% and, <0.1%) 185 for each vegetation type, and they illustrate a nonlinear change in vegetation distribution in response to post-fire area. 186
Changes in the vegetation distribution are small in areas with minimal fire occurrence or where the burned area fraction 187 is small (0.1~1%). However, relatively large changes in vegetation distribution are apparent when the burned area 188 fraction exceeds 1%. Furthermore, there are large changes in the vegetation distribution in areas with burned area 189 fractions above 10%, including increases in bare ground, grass, and shrubs (31.19, 52.28, and 7.91%, respectively) 190 but decreases in deciduous, needleleaf evergreen, and broadleaf evergreen trees (8.85, 79.22, and 91.17%, 191 respectively). 192 Areas that experience a higher frequency of fire occurrence have larger vegetation distribution differences, 193 which suggests that fire has an influence on vegetation mortality. In ecological processes, plants die in regions where 194 fire occurs; grasses with rapid growth rates then occupy regions after fire. Therefore, fire increases the ratios of bare 195 ground and grassland but reduces the percentage number of trees. However, there are no marked changes in the 196 fractions of shrubs and deciduous trees in the middle of the ecological succession process with respect to the presence 197 or absence of fire (Table 2 ). When fire occurs in a region where shrubs grow, the ratio of shrubland is diminished, but 198 fire increases the ratio of shrubland in regions where trees may evolve from shrubs. In the same way as shrubs, the 199 deciduous trees are increased or decreased due to fire. Thus, it is apparent that the role of fire in areas of shrubland 200 and deciduous trees differs according to the region, and the actual vegetation distribution is a result of complicated 201 factors that include fire, climate, topography, and soil conditions (He et al., 2007; Cimalová & Lososová, 2009 
Fire impact on carbon balances 204
The direct and indirect impacts of fire on carbon balances were investigated by exploring the difference between fire 205 impact when using state and dynamic vegetation ( Figure 6 and Table 3 
Conclusions 275
To understand the interplay of vegetation dynamics and fire impacts, we conducted a series of numerical experiments 276 using CLM both with and without fire and dynamic vegetation processes enabled. In particular, we investigated fire 277 influences on vegetation distribution, and how such changes influence terrestrial carbon and water fluxes. 278
As expected, results showed that fire interrupts the process of ecological succession, which thus impacts the 279 global vegetation distribution. Fire transforms some regions into bare ground, and grasses quickly dominate as they 280 grow faster than trees. For shrubs and deciduous trees in the mid-stages of ecological succession, we found no large 281 differences in the overall coverage ratios between simulations including vegetation dynamics and those that did not. 282
Simulations that did not consider vegetation dynamics showed a fire-induced global increase in NEP; however, a fire-283 induced decrease in NEP was found in some regions in BGC-DV. We also found a carbon sink reduction in regions 284
where the dominant PFT changed from broadleaf and needleleaf evergreen trees to grasses. While carbon emissions 285 due to fire were partly negated by increased terrestrial carbon sinks (NEP) in BGConly runs, they were enhanced by 286 the reduction in terrestrial carbon sinks in BGC-DV runs when dynamic vegetation was considered. 287
Fire-induced changes in vegetation from trees to grass or bare ground resulted in a decrease in canopy 288 transpiration and increased soil evaporation in post-fire regions for BGC-DV; however, there were no marked 289 differences in the overall impacts on ET and runoff between simulations that used dynamic vegetation and those that 290 did not. Interestingly, however, changes in dominant vegetation types in BGC-DV led to changes in the soil moisture 291 profile. Furthermore, the increased distribution of grassland cover was more dominant in post-fire regions, which then 292 resulted in less moisture in the top soil layers compared to non-burned areas, despite that fact that transpiration 293 diminished overall. 294
Enabling the vegetation dynamics module in the CLM assists in gaining an understanding of the interactive 295 impacts of fire and vegetation dynamics. However, uncertainty still exists because of the limited simulated potential 296 vegetation distribution using CLM with BGC-DV-F. Furthermore, the final potential vegetation state of the BGC-DV 297 model did not always correspond to the observed distribution (Figure 3 ). For example, shrubs in the tundra were found 298 to be rare in both BGC-DV-F and BGC-DV-NF. Furthermore, crops, needleleaf evergreen boreal, and shrub boreal 299 cannot be simulated by the DV module, as noted in previous studies (Zeng et al., 2008) . 300
The fire module in CLM is parameterized to estimate fire occurrence, fire spread, and fire impact. Thresholds 301 used to estimate fuel combustibility are dependent on relative humidity and surface air temperatures; however, these 302 values may not be suitable for all regions (Zhang et al., 2016) . In addition, the economic impact of fire occurrence and 303 the socioeconomic impact of fire spread are estimated using the input datasets of population density (person/km 2 ) and 304 GDP (US$/capita), respectively (Li et al., 2013) . Uncertainty due to socioeconomic factors should be noted for both 305 historical and future simulations, because changes in these factors may vary by country (Steelman & Burke, 2006) . It 306 is evident that our understanding of fire needs to improve, because fire plays an important role in the distribution of 307 vegetation and in carbon, water, and energy cycling. Furthermore, this study shows that fire models are strongly 308 impacted by vegetation distribution; therefore, fire simulations would improve if improvements were made to the 309 dynamic vegetation model. 310 500 501 
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